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FOREWORD

This work w,-s performed for Headquarters, U.S, Ary Corps of Engineer% (FIQUSACE) under
Operations and Maintenane, Army (OMA) project "Opera lion Maintenance and Data Reduction of
Seismic Instrumentation Systems,' The HQUSACE technical monitor was Mr. Charles Gutberlet, Jr.,
CEMP-ET.

Thc work was conducted by thc Engineering and Materials (EM) Division of the U.S. Army Con-
stnaction Engineering Research Laboatory (USACERL). D:. Paul c, aH, , -owdyshell is Acting Chief of EM.
Thc USACERL technical editor wats Gordon L. Cohen, Info! ation Management Offie.

Appreciation is cxpressed to Mr. George Matsumura, CEMP-ET (retired), who initiated the Army's
Strong-Motion Instrumentation Program and was the past techinical monitor for this project.

COL Everett R. Thomas is Commander and Director o! USACERL. Dr. L.R. Shaffer is Technical
Director.
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STRONG-MOTION RECORDS AT ARMYI ilOSPITALS IN CALIFORNIA
FROM TIlE LOMA PRIETA EARTIhQUAKE OF 17 OCTOBER 1989

I INTRODUCTION

Background

The U.S. Army Construction Enginceing Research Laboratory (USACERL) maintains seismic
instrumentation systems it installed in three Army hospitals in the United States. Two of the systems are
located in California - one at Letterman Army Medical Center (LAMC), Presidio of San Francisco. and
one at Hays Army Community Hospital (HIACiH), Fort Ord. The third system is installed at Blanchficld
Army Community Hospital, Fort Campbell, KY. These instrumentation systems arc maintained b
USACERL with assistance as needed from installation personnel.

The primary purpose of the Army building seismic instrumentation program is to record ground
motions and the resulting responses of representative engineered structures during strong local earthquakes.
Such an earthquake occurred in California on i7 October 1989.

The Department of the Interior U.S. Geological Survey (USGS) reported thai this seismic event,
referred to as the Loma Pricta earthquake, struck at approximately 1704 Pacific Daylight Time with a
surface wave magnitude (Ms) of 7.1 on the Richter scale. It was centered about 10 mi (16 kin) northeast
of Santa Cru/, CA, at an hypocentral depth of approximately 11.5 mi (18.5 kin). It was the largest
magnitude earthquake centered in northern California since 1906. It caused at least 62 deaths, more than
30(X injuries, and up to $10 billion in property damage to the greater San Francisco Bay area.'

Objective

The objective of this phase of the research was to document and publish data obtained from the
California-based seismic instrumentation systems from the 17 October main shock of the Loma Prieta
earthquake. The main shock triggered the systems at both LAMC and HACH. Two aftershocks were also
recorded at IHACHl.

Approach

This report documents Loma Prieta earthquake data collected by the previously specified seismic
instrumentation stations. To provide a context for this data, a brief description of each hospital structure,
the underlying geologies, and the instrumentation systems is provided, as is a brief summary of the
buildings' structural response to the earthquake. Figures show the location of the instrumentation plans
on each floor of the two buildings. Accelcrograms of ground motion and structural response are provided
for the two structures. Additional strong-motion information related to this earthquake is available from
the USGS and the California Division of Mines and Geology, Office of Strong-Motion Studies,
Sacramento. CA.

IJs(;S (p4vl File Rcvxrt 89-568, US(S Strong A,tion Records From the Northern California (Loma Prieta) Earthquake of
October 17. 1Q80 (USCS, ()ctober 1989).
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2 tIOSPITA! FACILITIES AND SITE INFORMATION

Lefterman Army Medical Center (LAMC)

LAMC is located about I mi (1.6 kin) southeast of the Golden Gate Bridge. The epicenter of the
Loma Prieta earthquake was approximately 60 mn (96 kin) south-southeast of the hospital (see Figure I C
The hospital, which was designed in the mid-1960s and occupied in 1968, is a 10-story reinforced concrete
structure consisting of a base structure and a seven-story tower (see Figurct 2 and 3). rhe base structure
measures about 229 ft (70 m) ii, the transverse (north-south) direction and 350 ft (106 m) ii the
longitudinal (east-west) direction, ard is three strnes high. Pi, .. dimensions of the tower vary with height:
at the 4th and 5th floors it measures 247 ft (75 m) in the transverse direction and 108 ft (33 m) in the
longitudinal direction, plan dimensions reduce to 175 ft (53 m) transversely by 108 ft (33 m)
longitudinally for the 6th through the 10th floors (see Figures 4 and 5). The lateral resisting system of
the building is composed primarily of reinforced concrete shear walls located in the core of the structure.
Exterior precast walls forn a pier and spandrel frame on each side of the building. A reinforced concrete
wafile slab floor system serves as a rigid diaphragm at each story, transmitting forces hori/oi!'a,;y to
exterior and interior load-hearing walls and walls around the elevator shaft and stairwells. These walls
carry the loads in shear ,, the cast-in-place on-rete pile foundation.

According to al "mil profile of the LAMC site,- the hospital is located on thrLe distinct soil layers.
The uppermost layer is 12 to 20 ft (3.5 to 6 m) deep and consists primarily of sandy clays and clayey
sands. The intermediate laye ,'xtends 80 to 100 ft (24 to 30 m) below the surface and consists of
nonplastic and compact silty sands. The lowest laye, consists of lean and f'at clays, clayey sands and
sandy clays with some gravel and rock fragments; the overall depth to rock is estimated to vary from
between 120 to 2() ft (36 to 60 1n',.

The major active faults of this area are part of the San Andreas system and include the San Andreas,
Hayward, and Calaveras faults. The San Andreas fault is located 6 mi (10 kin) west of LAMC; te
layward and Calavcras faults are about 12 mi (20 km) northeast and 22 mi (35 kin) northeast respectively

at their closest points to the hospital. A 1973 report by an engineering consulting firm identified the San
Andreas fault as the site's most likely source of a damaging earthquake. In this report a maximum
probable eauthqukc of Richter magnitude 8.25, a causative fault distance of 6 i (10 kin) from the site,
and a reeurrence interval of 1)0 \-cars was postulated to produce a peak hori.,ontal ground acceleration
of 0.5 g, ilth strong shking lasting about 40 seconds.'

Ilays Army Community Hospital (iA(CH1)

1-ACH is located 2 mi (3.4 kin) inland from Monterey Bay, about 27 mi (44 km) south-southeast
of the epicenter of the tioma Pricta earthquake (Figure 1). HACH is similar in design to LAMC and was
completed in 1971. It is an eight-story reinforced concrete structure with a six-story tower (see Figure,:
6 through 9). Its lateral-fforce-resisting system, like that of L.AMC, consists of rigid reinforced concrete

Figures are presented beginning on p 1 5.
"This prufile %k as compiled by the engineering ,onsuting firni Aghabian Assciates based on boring logs and soil lest reports

provided by the U.S. Army ('orps of Engineer-, Sacranento District.

A. ei.vmi( l)esign ('riter a. Rhabilitation of Fxilin' 1ospital Facilities, Task Rexrt -- Site- Dependent Maximum Probable
".:rthquake (C'iteria. Ta.k I (Agbabian Associates. El Segundo, CA. October 1973).
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diaphragmrs and reinforced concete shear walls. 'Ihc loads arc transmitted to a spread 1dOting foundation
system.

The hospital site is widerlain by more than 1 00 ft (30 m) of' dune sand deposits consisting of firml
to very dense sands and ilty sand deposits. IThe deposits arc uniiforlyl fine torainco, well sortc'd and
sem i-consolidated, and extend to slate ock and sandstone at depthsi greater than 3(W ft (90 m l.'

The principal onland faults in the region of" Fort Ord are thle San Andreas and the Sur-Naciin to
faulrs. These formi the northeast and southwest bundari -s, respecti velyv, o!' the Salinian block, in which
many farult traces occur. TIhese include the Palo Colorado-San Gregorio fault, about 12 mi (20 kill)
SOuthwest of' HACH,; the TUlarciros fault, 4 mi (6.4 kin) southwest of HACFP, which is the lonigvst known
fault in the region-, the Mionterey Bay fault,- and tuie King City fault. The San Andreas, Palo Colo rado -San
(;regorio. and Monterey Bay fault /ones are all sc:ismnically active. As with LAMC. the San Andreas is
considered the cont-olliog fault for a maximum probable 8.75-magnitude earthquake at HACHI A peak
horitontAf acceleration Af0.42 g, with strong shaking lasting about 40 seconds, was expected.'

A veLvmi Ori~txm~ (racra.

Avri.vmur IOe'vin (rieri,,



3 SEISMIC INSTRIUMI,'JNTA'I'ION SYSTEMS AT LANIC AND IIA(lI

LAMC and HACH are extensively instrumcnted. Sensor locations were designed to provide
significant dynamic response data for a rigorous analysis of each host structure's peonnance during
strong earthquake motions.

In 1982 USACERL instrumented both facilities with 18-channel strong motion digital cassette
accelerograph systems manufactured by Terra Technology Corp. (see Figure 10). Each seismic
instrumentation system (SIS) consist' -f a ligital cassette accelerograph (DCA), a power supply with
battery backup, and 18 servo accelerometers. A playback/plotter system is located at USACERL for
processing data tapes, and data filcs may be transferred to USACERL computers for analysis.

In each hospital the SIS continually monitors three accelerometers-two horizontal and one vertical
-which are mounted on the floor of the basement/crawlspace to measure base accelerations (Figure 11).
These accelerometers also function as trigger mechanisms for each entire system. When these base outputs
exceed a preset trigger level of 0.012 g peak, the DCA is activated. Additional accelerometers are
positioned on upper floors (Figure 12) and located in stacks above one another so horizontal motions in
the cast-west and north-south directions may be captured. For example, LAMC accelerometers LCI, L41,
L61, and LRI (on Figurcs 13 through 17) represent a stack of instruments for collecting accelerations in
the north-south direction. Similarly LC2, L42, L.62, and LR2 monitor accelerations in the cast-west
direction. Several accelerometers are also located near the perimeter of the building floors; these are
placed so torsional response of the building can be identified. Sensors LC5, L35, L34, L44, L45, L65,
L66, and LR6 are examples of such instruments at LAMC.

At LAMC, accelerometers are located on the underside of the floor on the third, fourth, sixth, and
roof levels. At HACH, accelerometers are on the underside of the floor at the fourth, sixth, seventh, and
roof levels (Figures 18 through 22).

The DCA contains six digital cassette tape decks, each of which records output signals from three
acceleromcters with a digital resolution of 12 bits per channel. The accelerometers have a full-scale peak
range of +/- 2 g. The signals are digitized and processed through a 0.64-second pre-event memory buffer
before being recorded as a complete time history on tape at 100 samples per second per channel. The
output signals from all accelcrometcrs are continually monitored, digitized, and processed through the pre-
event memory buffer, but are not recorded. When the system is triggered by the basement accelerometers,
all of the tape decks begin recording data from the beginning of the pre-event buffers, so the resulting
records include 0.64 seconds of information from before the trigger occurred. Recording continues for
15 seconds after the preset trigger level is last exceeded. Date, time (hours, minutes, seconds), Dr A serial
number, and event number are obtained from the unit's internal clock and recorded with the earthquake
data. The battery backup assures continuous SIS operation for up to 30 hours if commercial power is
interrupted or lost. Cables connect each ccelerometer to the DCA, which supplies DC (direct current)
power and calibration signals, and records the output signals from the accelerometers.

Cassette tapes from the DCA are played back on the playback/plotter system, which provides three-
channel hardcopy charts of acceleration versus time. A computer interface transfers data to a
microcomputer for storage, display, and analysis of seismic events.

SIS maintenance at each hospital site is performed annually by USACERL personnel. This includes
operational checkout of each system, measuring accelerometer signal output and power supply voltages,
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replacing worn tape deck pails. cleaning [he al heads, checking and resetting the clock, chccking and
replacing batteries, yerifying systemll trigger operation, recording accelerometer calihratioln on tap.,, and
loading fresh recording tapes - -- the used ones are sent to USACERL for playback. Cable runs and
accelerometer mounting locations are also checked for problems or damage. SIS operation and tape-
change procedure is reviewed with hospital personnel. Such maintenance was performed at both facilities
in August 1989. At the same time, the equipment manufacturer (Terra Technology) performed a complete
checkout of the LAMC system.

The SIS systems have operated at the two hospitals in California for 8 years with a high degree of
reliability. The main service requirement during this time has been maintaining the gel-cell rechargeable
batteries in the battery back up system. Local hospital maintenance personnel have been employed to
periodically check the system and alert USACERL to any potential problems.
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4 STIRJCTURAI. RESPrONSE 01 II(OSPITAILS T() L)MA PRIETA EARTllQUAKE,

The following is a summary of highlights of the data and observations related to the structural
response of the two hospitals.

Earthquake Records for LAMC

Earthquake records for LAMC are shown in Figures 23 through 28. The duration of strong ground
motion at LAMC was approximately 5 seconds. The peak horizontal ground acceleration, as recorded on
the crawlspace sensors at LAMC, was 0.16 g in the east-west direction: the peak vertical ground accelera-
tion recorded there was 0.07 g. (The peak north-south horizontal ground acceleration at LAMC was 0.09
g.) The peak acceleration values for all LAMC locations are shown in Table 1.

A problem occurred in one tape deck at LAMC, which caused significant gaps in three of the
acceleration records (Gages L34, L35, and LC5). It was not possible to interpret these data with any
degree of confidence, but the records are included to provide information on peak accelerations in relation
io the other floors of the hospital.

Earthquake Records for HACH

Earthquake records for HACH are shown in Figures 29 through 33. The duration of strong ground
motion was significantly longer at HACH than at LAMC - approximately 14 seconds. Ground
accelerations were also greater at HACH, primarily due to its closer proximity to the epicenter. The peak
horizontal ground acceleration recorded on the crawlspace sensors at HACH was 0.17 g in the east-west
direction; the peak vertical ground acceleration there was 0.11 g. The peak north-south horizontal ground
acceleration was 0.13 g. A summary of the accelerations recorded at all HACH locations are shown in
Table 2.

Table I

Peak Accelerations Recorded at LAMC, 17 October 1989

SENSOR STACK

Floor Center North South East

N-S E-W Vert E-W E-W N-S

Roof .46 .45 - .57

6th Fir .27 .20 - .25 .23 -

4th Fir .19 .15 .13 .20 - .18

3rd Fir - - - .18 - .11

Crawlspace .09 .16 .07 .17 -

12



Table 2

Peak Accelerations Recorded at HACH, 17 October 1989

SENSOR STACK

Floor Center West South

N-S E-W Vert N-S E-W

Roof .64 .32 - .58 -

7th Fir .39 .25 - .37 .46

6th Fir .34 .21 - .29 -

4th Fir .28 .19 - .21 -

Crawlspace .13 .17 .11 .10 .21

Observed Damage to Hospitals

Following the Loma Pricta earthquake, Sacramento District conducted inspections to assess damage
to LAMC (along with other selected facilities on the Presidio of San Francisco) and HACH.

In an unpublished report, investigators stated that no structural damage to LAMC was observed.
They found a few shear cracks in the walls of a stairway and spalled concrete at the seismic joint at the
roof of a second-floor passageway that connects the hospital to the Lctterman Army Institute of Research
on the cast. On the south side of the hospital, spalled concrete was found at the third-floor entrance of
the hospital (where the two bottom floors are built below grade). This concrete spalled from the mitered
horizontal ledge comers of the precast architectural panels at the fourth through ninth floors.

No structural damage was observed at Hays Hospital.
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5 CONCLUSION

This report summarizes the data recorded at Letterman Army Medical Center, Presidio of San
Francisco, and Hays Army Community Hospital, Fort Ord, from the Loma Prieta Earthquake in California
on 17 October 1989. The information is available for use by researchers and analysts studying seismic
responses of buildings.

Vertical ground accelerations in the Loma Prieta earthquake measured about one-half to two-thirds
the strength of the horizontal ground accelerations, a ratio suggested elsewhere in the literature. 5 Also,
vertical motion occurred earlier than horizontal motion in the acceleration time-history and was not in
phase with it.

The peak ground accelerations were also in keeping with those recorded at other locations in the
San Francisco Bay area and published by USGS and the California Division of Mines and Geology.

N.M. Newmark and W.J. flail, Earthquake Spectra and Design (University of California-Berkeley Earthquake Engineering
Research Institute. 1982).
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Letterman Army Medical Center

Presidio of San Francisco, CA

*-Epicenter

Hays Army Community Hospital

0
0

40 0 40 80 MILES
i i i i !I

64.5 0 64.5 130 KILOMETERS

Figure 1. Seismiic inistrumientation site locations.
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Figure 2. LAMC as viewed from east.

Figure 3. LAINC as viewed from south.
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Figure 6. HACH as viewed from north.
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Figure 7. HACH as viewed from southeast.
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Figure 10. D~igital central recording unit.
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1.0 Gage LR1; Roof, Center Sensor Stack, Dir: North

0.0

0.

0 10 20 30 40 sec

1.0 Gage L61; 6th Floor, Center Sensor Stack, Dir: North
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C.)
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Gage L41; 4th Floor, Center Sensor Stack, Dir: North
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0 10 20 30 40 sec______

Location 37.799-N, 122.448-W
Systern No. L)CA-300-.I'18 No. 91
Ear liquo ke Lomna-Pricta, 17 October 1989,

1704 Pacific Standard Time

Figure 23. LAMC center sensor stack (north-south horizontal).

34



ix Gage LR2; Roof, Center Sensor Stack; Dir: East
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Locationi 37.799-N, 122.448-W
Systemn No. I)(A-300-1'18 No. 91
I'artquake Loma-l'rieta, 17 October 1989,

1704 Pacific Standardl Tlime

Figure 24. LANIC center sensor stack (east-west horizontal).
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Gage L43; 4th Floor, Centc, Sensor Stack; Dir: Vertical

? 1.0
C
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Gage LC3; Crawl Space, Center Sensor Stack; Dir: Vertical
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Location 37.799 ° N, 122.448-W
System No. DCA-300-PI18 No. 91
Earthquake Loma-Prieta. 17 October 1989,

1704 Pacific Standard Time

Figure 25. LAWC center sensor stack (vertical).
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Gage L44; 4th Floor, East Sensor Stack; Dir: North

-;1.0
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Location 37.799 ° N, 122.448 °W
Systcm No. l)DA-300-P18 No. 91
I arhlhuakc Loma-Pricta, 17 October 1989,

1704 Pacific Standard Time

Figure 26. LANIC cast sensor slack (north-south horizontal).
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Gage L65; 6th Floor, North Sensor Stack; Dir: East
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1Gage L45; 4th Floor, North Sensor Stack; Dir: East
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S1.0 Gage L35; 3rd Floor, North Sensor Stack; Dir: East
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Gage LC5; Crawl Space, North Sensor Stack; Dir: East
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0 0.5Z, 0.17 g

-0.0
0
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0 10 20 30 40 sec

Location 37.7990 N, 122.448-W
System No. DCA-300-P18 No. 91
Earthquake Loma-Prieta, 17 October 1989,

1704 Pacific Standard Time

Figure 27. LANIC north sensor stack (east-west horizontal).
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Gage LR6; Roof, South Sensor Stack; Dir: East
-;1.0
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Gage L66; 6th Floor, South Sensor Stack; Dir: East
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<(-100 10 20 30 40 1sec

Figure 28. LAMC south sensor stack (east-west horizontal).
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Gage HR1I; Roof, Center Sensor Stack; Dir: North
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1.0 Gage H71; 7th Floor, Center Sensor Stack; Dir: North
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Gage HC1; Crawl Space, Center Sensor Stack; Dir: North
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Location 36.641-N, 121.796-W
Systemi No. DCA-300-11 No. 93
E-Iarthqualke Loma-I'rieta, 17 October 1989,

1704 Pacific Standard Time

Figure 29. HIACH center sensor stack (north-south horizontal).
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Gage HR2; Roof, Center Sensor Stack; Dir: East
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Gage HC2; Crawl Space, Center Sensor Stack; Dir: East
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Location 36.641-N, 121.796-W
System No. I)CA-300-P18 No. 93
Elarthquake Lonia-l'icta, 17 October 1989,

1704 Paciic Standard Time

Figure 30. HACH center sensor stack (east-west horizontal).
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1.0 Gage HC3; Crawl Space, Center Sensor Stack; Dir: Vertical

C 0.
.2 0. Mox. Accel. 0. 11 g
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0 10 20 30 40 50 60 70 sec

Location 36.641-N, 121.796-W
System No. I)CA-300-1P18 No. 93
Earthquake Loina-Prieta, 17 October 1989,

1704 Pacific Standard Time

Figure 31. HACH center sensor stack (vertical).
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Gago HR4; Roof, Wost Sonsor Stack; Dir: North
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Gage H75; 7th Floor, South Sensor Stack; Dir: East
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Location 36.641-N, 121.796-W
System No. [)CA-300-I1l8 No. 93
LEarthquake Lunia-Prieta, 17 October 1989,

1704 Pacific Standard Time

Figure 33. [IACII south sensor stack (east-west).
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